Abstract ATP-binding cassette (ABC) transporters are membrane proteins that efflux various compounds from cells, including chemotherapeutic agents, and are known to affect multidrug resistance. Recent reports disagree on whether ABCC11 is a risk factor for breast tumorigenesis, but its expression in breast cancer is poorly investigated. We hypothesized that both frequency and expression levels of ABC transporters in breast tumors would vary by cancer subtype, and be associated with prognosis. Here, we constructed a tissue microarray breast tumor samples from 281 patients, and analyzed expressions of ABCB1, ABCC1, ABCC11, and ABCG2 immunohistochemically. Breast cancer subtypes were determined by immunohistochemistry of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 (HER2). Protein expression was correlated to clinicopathological characteristics, clinical follow-up, and pathological complete response to neoadjuvant chemotherapy. The tissue microarray comprised 191 luminal A (68.0 %), 17 luminal B (6.0 %), 27 HER2 (9.6 %), and 46 triple-negative (16.4 %) samples. ABCC1 and ABCC11 expressions were associated with significantly shorter disease-free survival (P = 0.027 and P = 0.003, respectively). ABCC1, ABCC11, and ABCG2, but not ABCB1, were expressed significantly more, and more frequently, in aggressive subtypes. Patients with HER2? and triple-negative tumor subtypes that expressed high levels of ABCC11 had significantly worse disease-free survival (P = 0.017 and P \ 0.001, respectively). We have shown, for the first time, that ABCC1, ABCC11, and ABCG2 are highly expressed in aggressive breast cancer subtypes, and that tumor ABCC11 expression is associated with poor prognosis.
growth factor receptor 2 (HER2)-enriched, and triple-negative (which is sometimes further subdivided into the corebasal and five-negative subtypes) [2] . These subtypes are reportedly associated with differences in resistance to chemotherapy [3] [4] [5] and subsequent outcomes [6, 7] . Several mechanisms affect how cancer cells become resistant to cytotoxic drugs, which include efflux of the drug compound from cancer cells, and others such as mutation, overexpression of the drug's targets, and drug inactivation [8] .
The ATP-binding cassette (ABC) transporters are transmembrane proteins that use ATP to transport various molecules across extra-and intra-cellular membranes. This function is thought to have evolved as a xenobiotic protective mechanism [9] . Of the 49 human ABC transporters so far identified (which have been classified into seven subfamilies), ABCA2, ABCB1, ABCC1-6, ABCC11, and ABCG2 have been associated with chemoresistance in breast cancer [8] . Unfortunately, all clinical trials that have targeted ABC transporters failed to improve outcomes [10] . One explanation for this is that they all targeted ABCB1 [also known as MDR1, permeability glycoprotein 1 (Pglycoprotein or Pgp), and cluster of differentiation 243 (CD243)]. This led us to hypothesize that other ABC transporters may be more important for drug resistance.
ABCC11 is a member of the ABCC1 (also known as MDR-associated protein) sub-family. A single nucleotide polymorphism (SNP) in the ABCC11 gene was shown to be responsible for ''wet earwax'' in humans [11] . Reports as to whether ABCC11 is a risk factor for breast tumorigenesis conflict; although this gene was originally shown to be a risk factor for development of breast cancer among Japanese women [12] , it is reportedly not the case in Caucasian women [13, 14] . There has been no investigation of ABCC11 protein expression levels in breast tumors or their association with cancer subtype and prognosis. We hypothesized that both frequency and expression levels of ABC transporters (ABCB1, ABCC1, ABCC11, and ABCG2) in breast tumors would differ by cancer subtype and be associated with prognosis. Here, utilizing a tissue microarray newly constructed from 281 breast cancer samples, we analyzed the expression of these transporters in light of breast cancer subtype and prognosis, as well as investigating the effects of neoadjuvant chemotherapy.
Methods

Tissue sources and clinical characteristics
Tissues for this study were obtained from 281 patients treated in Yokohama City Medical Center, Japan, between 2006 and 2008, involving all stages of breast cancer. This study was approved by the Institutional Review Board of Yokohama City University, Kanagawa, Japan, and the patients gave their informed consent before their inclusion in the study. Core biopsy samples taken prior to treatment were obtained from 50 patients who received neoadjuvant chemotherapy (35 patients received anthracycline followed by taxane; 14 received anthracycline alone; and one received taxane alone). One hundred and eight patients received adjuvant chemotherapy after surgery (45 received anthracycline followed by taxane; 38 received anthracycline alone; 15 received taxane alone; and 10 received other regimens) and 208 patients received adjuvant hormonal therapy (tamoxifen and luteinizing hormonereleasing hormone-agonist for 61 premenopausal patients; tamoxifen or aromatase inhibitor for 147 postmenopausal patients). None of the tissues described here was obtained after any treatment. All the patients were followed up at least every 3 months after surgery. The mean observation period was 49 months (range: 28-60 months). The clinical characteristics are presented in Table 1 . Tissue microarray
The tissue microarray was constructed by taking 3.0-mm cores from representative areas of surgical specimens from patients using a KIN-2 tissue arrayer (Azumaya, Tokyo, Japan), and re-embedding these cores into a gridded paraffin block. Tissue cores were excluded from the tissue microarray if they fail to adhere to the glass slide, did not include invasive carcinoma, or were a non-interpretable specimen.
Immunohistochemistry
Formalin-fixed paraffin-embedded tissue blocks were sliced into 5-lm sections. The sections were baked at 60°C, deparaffinized in xylene, and gradually rehydrated in ethanol. Sections were boiled in antigen retrieval solution (Funakoshi, Japan) for 30 min. Activity of endogenous peroxidase was blocked by 20 min of quenching in 0.3 % H 2 O 2 and methanol; the sections were then incubated in 5 % rabbit serum for ABCB1 and ABCC1, or goat serum for ABCC11 and ABCG2. Immunohistochemical reactions were performed overnight at 4°C using monoclonal mouse antibodies against ABCB1 (C219; 1:100; Abcam, UK), monoclonal rat antibodies against ABCC1 (MRPr1; 1:40; Monosan, The Netherlands), polyclonal rabbit antibodies against ABCC11 (1:500) [15] , or monoclonal mouse antibodies against ABCG2 (BXP-21; 1:100; Abcam). For the triple-negative subtype, cytokeratin 5/6 (D5/16 B4; Dako, Denmark) and epidermal growth factor receptor (EGFR; Roche Diagnostics K.K, Japan,) were used for subdivision into the core-basal or nonbasal (five-negative) subtypes. After washing, the slides were incubated with biotinylated antibodies (15 min, room temperature) and streptavidin-biotinylated peroxidase complex (5 min, room temperature). 3,3 0 -diaminobenzidine (Dako Japan, Tokyo, Japan) was used as the chromogen. All sections were counterstained with Meyer's hematoxylin.
Evaluation of staining
Staining results were assessed by two pathologists independently, using a 4-point scoring system as shown in 
Genotyping
Genotyping of ABCC11 by the SmartAmp method was performed as previously reported [12] .
Statistical analysis
Statistical analysis used SPSS 19.0 for Windows software (SPSS Inc., Chicago, IL). Correlations among the clinicopathologic parameters and each transporter were evaluated by the Pearson v 2 test, the Fisher exact test, and the MannWhitney test. Tukey-type multiple comparison analyses with the v 2 test and Mantel test were carried out to compare expression of each transporter among the subtypes. Patient outcomes were assessed by disease-free survival. Survival distributions were estimated by the Kaplan-Meier method; differences were compared using the log-rank test. The multivariate Cox proportional hazard regression method was used to determine the independent prognostic value. P \ 0.05 was considered statistically significant.
Results
Characteristics of samples used for the tissue microarray
Subtypes of the 281 samples on the tissue microarray were determined using immunohistochemistry for the estrogen receptor (ER), progesterone receptor (PgR), and HER2, as previously reported [5, 16] . Patients' and tumor characteristics used for the tissue microarray are summarized in Table 1 Table 2 . ABCB1 was detected in 32.4 % (91/277) of the tumors, ABCC1 in 39.1 % (110/279), ABCC11 in 40.2 % (113/259), and ABCG2 in 24.2 % (68/278). There was no association between ABCB1 expression and any clinical features. ABCG2 was more frequently highly expressed in young premenopausal patients. High expressions of ABCC1 and ABCG2 were significantly more frequent in ER-tumors than in ER ? ones (P = 0.001 and P = 0.006, respectively). There was no association between HER2 expression and ABC transporter expression. Expression of ABCC1 and ABCC11 is associated with poor patient survival
We compared expression of each transporter and patient disease-free survival (Fig. 2) . In the entire study group, patients with ABCC1? or ABCC11? tumors had significantly shorter disease-free survival compared to patients with corresponding ABCC1-or ABCC11-tumors (P = 0.027 or P = 0.003, respectively).
ABC transporters are more frequently highly expressed in aggressive subtypes of breast cancer
Because breast cancer subtypes are associated with different clinical behaviors [2] , we further analyzed clinical outcomes according to cancer subtype and ABC transporter expression. Expression of each transporter according to breast cancer subtype is shown in Fig. 3 . The percentage of patients whose tumors expressed ABCB1 did not differ among the subtypes. ABCC1 and ABCG2 were more frequently highly expressed in triple-negative subtype, especially in the core-basal subtype, compared with the luminal A subtype, whereas highly expressed ABCC11 was more common in HER2-enriched, core-basal, and luminal A subtypes. Although core-basal tumors tended to express ABC transporters more often than five-negative tumors did, only ABCC11 showed significantly more frequent high expression in the core-basal subtype. Semi-quantification of ABC transporters expression is shown in Fig. 3b . ABCC1, ABCC11, and ABCG2 were more highly expressed in HER2-enriched and/or the core-basal subtypes, which is consistent with frequency data shown in Fig. 3a .
Patients whose tumors expressed high levels of ABCC11 tended towards decreased pathological complete responses to neoadjuvant chemotherapy
We next investigated whether there was any association between the ''wet earwax'' genotypes and ABCC11 expression. Figure 4a and b show the relationship between ABCC11 genotypes and ABCC11 expression in breast cancer tissues. ABCC11 expression did not differ among the wet earwax genotype (538G/G ? 538G/A) and the dry earwax genotypes (538A/A), in either normal breast tissues or breast cancer tissues. As ABCC11 is known to efflux fluoropyrimidines (5-FU) in vitro [17] , assessment of responses of ABCC11? tumors to 5-FU-based regimens could be particularly valuable. Analysis of the association between ABC transporter expression and pathological complete response to neoadjuvant chemotherapy showed no statistically significant differences, regardless of regimen, but patients whose cancers expressed high levels of ABCC11 tended to have decreased pathological complete responses to neoadjuvant chemotherapy (Fig. 4c, d ).
ABCC11? tumors show worse prognoses among aggressive breast cancer subtypes
Because patients with ABCC1? or ABCC11? tumors tend to have poor prognoses, we investigated prognosis according to subtype. Patients with ABCC1? tumors ended to have worse prognoses for luminal A tumors, but not significantly so (P = 0.096). Interestingly, patients with ABCC11? tumors had significantly worse prognoses than did patients with ABCC11-tumors, except for the luminal A subtype, which is known to have a better prognosis than the other subtypes ( Fig. 5a-f ).
Discussion
Different subtypes of breast cancer have different biological behaviors, including responses to systemic and local therapies [3] [4] [5] and subsequent clinical outcomes [6, 7] . The two hormone receptor-negative subtypes, triple-negative and HER2-enriched, have poor outcomes compared with the luminal subtypes. Among the triple-negative subtypes, the core-basal subtype, which responds poorly to cytotoxic chemotherapy, has the worst prognosis. Thus, there is a particular need to elucidate drug resistance mechanisms for this subtype. Expression of ABC transporters is reportedly related to chemoresistance [9] . Some ABC transporters, namely ABCB1, ABCC1, and ABCG2, have been identified as MDR proteins in breast cancer, which contribute to drug resistance via ATP-dependent drug efflux pumps [8] . Because ABCB1 effluxes drugs important for breast cancer-anthracyclines (doxorubicin, epirubicin, and daunomycin) and taxanes (paclitaxel, docetaxel)-ABC transporter inhibitors were the subjects of several widely anticipated clinical trials. Unfortunately, these agents proved disappointing [8, 18] . The vast majority of clinical trials targeting ABC transporters focused on ABCB1 (the most investigated ABC transporter) but data that associates patients' clinicopathological factors with ABCB1 expression tends to conflict [10] . This led us to investigate expression of multiple ABC transporters that are associated with MDR, in the context of different breast cancer subtypes. We felt that this information would be particularly relevant for the triple-negative subtype.
Patient characteristics and our tissue microarray staining data generally agree with previous reports [10, 19, 20] . The proportion of breast cancer subtypes may differ among different races or geographic populations; e.g., prevalence of the luminal A subtype may be higher, and the triplenegative subtype may be lower, in Asian women than in Western women [19] . The demographics of our tissue microarray are consistent with the prevalence among Japanese women. Leonessa et al. [10] reported that the detection rate of ABCB1 and ABCC1 in untreated tumors by immunohistochemistry was 40 % (range: 0-100 %) and 49 % (range: 20-100 %), respectively, with no clear association between ABCB1 and hormone receptors. In Among ABC transporters, ABCC11 is at relatively early stages of investigation. ABCC11 is lipophilic anion pump that can confer resistance to chemotherapeutic agents such as methotrexate and 5-FU [17] . We previously reported that a SNP in ABCC11 is associated with the risk of developing breast cancer among Japanese women [12] , although the association of ABCC11 with breast cancer risk is unclear in Caucasian and European women [13, 14] . These reports mentioned host factors that might differ among races and thus modify the impact of this gene on breast cancer risk. ABCC11 mRNA is reportedly overexpressed in breast tumors and breast cancer cell lines [9, 21, 22] , but few studies discuss expression of the ABCC11 protein in human tumors [23] . Although the breast cancer risk conferred by the SNP in ABCC11 is not within the scope of this study, we did not see significant differences in breast cancer prognosis by SNP genotype in our samples.
Core-basal and HER2-enriched subtypes are associated with poor clinical outcome [5] . In our series, high expressions of ABCC1 and ABCG2 were more common in aggressive subtypes such as core-basal. Strikingly, high expression of ABCC11 was more frequent and intense in both the HER2-enriched and core-basal subtypes, which implies that ABCC11 may promote the aggressive behavior of these subtypes. Indeed, ABCC11 has been shown to export not only drugs but also other factors that affect cancer biology. In agreement, our results show that patients with high tumor expression of ABCC11 have worse outcomes, particularly among the HER2-enriched and corebasal subtypes. This is the first study to show such an association.
Reportedly, ABCC11 expression is related to sensitivity and resistance to chemotherapy [17, [24] [25] [26] . In our data, only ABCC11, but not other transporters, tended to correlate with neoadjuvant chemotherapy response. Interestingly, this was true of chemotherapy regimens that both did and did not include 5-FU, which suggests that ABCC11 possesses unidentified supportive functions for drug resistance other than simple drug efflux. For example, we reported that ABCC1 and ABCG2 in breast cancer cells export sphingosine-1-phosphate [27] , a bioactive lipid mediator known to affect drug resistance; we cannot exclude the possibility that ABCC11 possesses such a function. In that case, ABCC11 could become a new target in suppressing drug resistance.
Interestingly, it has been suggested that ABCB1 and ABCG2 may affect the role of cancer stem cells in drug resistance [8] . Although we do not currently have data on this relationship, it is intriguing to speculate that the worse prognosis of ABCC11-expressing tumors may be related to cancer stem cells.
Our study is limited in that it is a retrospective analysis of prospectively collected breast tumor samples, and that it shows only association of these transporters with breast cancer prognosis. To evaluate adequately the role of ABCC11 in breast cancer drug resistance, further studies of the mechanism of resistance are needed.
In conclusion, this is the first demonstration that ABCC11 expression in breast cancer is associated with aggressive subtypes and poor disease-free survival.
